Colors observed in nature are very important to form our perception of an object as well as its design. The desire to reproduce vivid colors such as those found in birds, fishes, flowers and insects has driven extensive research into nanostructured surfaces. Structural colors based on surface plasmon resonance (SPR) have played an important role in this field due to its high spatial resolution. Creating vivid color reflecting surfaces is still a major challenge and could revolutionize low power consumption image displays.
coupling effects or enhanced resonances can exhibit such narrowband reflection, but only at large incident angles. [27] [28] [29] [30] Despite various attempts to overcome these angle limitations, the obtained colors are still far from the standard color systems. 14, 19, [31] [32] [33] [34] [35] [36] [37] [38] Here, we show how to combine two distinct physical effects to create narrow band reflection filters. Controlling both the first order diffraction and the surface plasmon resonance, we created nanopatterned surfaces which are able to reproduce bright and vivid structural colors along the whole visible spectrum. Furthermore, we employ a genetic algorithm to obtain the three primary colors (red, green, and blue) that form the basis of a large gamut color system. The devices presented here are suitable to fit both display and imaging requirements such as high resolution pixel sizes, high color purity, and good brightness performance.
A schematic view of the device proposed in this work is illustrated in Fig. 1(a After that, a thin Al film (≈32 nm thick) was deposited through electron-beam evaporation.
Scanning electron microscopy (SEM) images of top and cross-sectional views of the fabricated structure are shown in Fig. 1(c-d) , respectively. Further details on the fabrication process can be found on Methods section.
The optical response of an ordinary metallic grating, as the one seen in Fig. 1(e 
where ε m (ω) is the metal permittivity as a function of the incident light frequency ω, ε d is the dielectric constant of the medium adjacent to the metal, m is a integer related to the diffraction order, and θ is the light incident angle from the normal direction of the grating surface. Despite this model simplicity, when using the dielectric values from the metal and air, it predicts the experimentally measured plasmon resonance dip position λ SPR 1 on 
where λ m corresponds to the cutoff wavelength of the m th diffractive mode. This equation
shows that the Rayleigh wavelength is dictated by the grating geometry and the incident medium, not relying on the metal characteristics. For near normal incident angle (θ ≈ 0) in air, Eq. (2) resumes to λ m = a for first order diffraction modes (m = ±1). Such approximation predicts the cutoff wavelength in Fig. 2 (a) within 5% difference regarding the observed value. Although the metal dielectric function does not affect the diffractive cutoff wavelength, it is an essential information during the geometry optimization that accounts for both diffraction efficiency and SPR. The metal dielectric function is significantly impacted by the rootmean-square (RMS) roughness and the lateral correlation length. 40 The statistical analysis of the Atomic Force Microscopy (AFM) images ( Fig. 2(c) ) reveals the same RMS roughness but different lateral correlation lengths for the Al thin films deposited over a pristine or etched Si surface. We use this information to extract the Drude-Lorentz parameters (Table S1 ) from a reflectance fitting model which took into account the measured optical response of three different color pixels regarding a non optimized test sample (see Fig. S1 and the discussion therein). The fitting yields a damping frequency for the etched surface (grooves) roughly 1.7
times larger than the pristine surface (ridge), in agreement with previously measured rough-ness correlation lengths. 40, 41 The fitted data allows to estimate the grating response for both light polarizations using numerical simulations. Fig. 2(b) shows the resulting simulated distribution of the electric and magnetic fields calculated for TE and TM input polarizations.
For wavelengths below λ m , light is coupled into the first diffraction mode, thus reducing the specular reflected power. Above λ m , a drop in the reflectance spectrum is observed around 600 nm only for TM polarization as a consequence of the excitation of a strong SPR resonance. The numerical simulation also shows that the longer wavelength plasmon around 700 nm is located mainly at the metal-substrate interface, as previously predicted. The oxide layer is responsible for reduces the effective index and brings λ SPR 2 into lower wavelengths, thus creating a larger absorption bandwidth (see Fig. S2 for more discussion on this second dip). This may actually improve the color purity of greenish or blueish pixels as it further suppress the reflection of red spectral portion.
A fine tune of the grating geometrical parameters can control its diffractive-plasmonic like optical response, so that a sharp reflectance peak is produced. Such narrow peak will be ultimately responsible for creating the vivid colors in our structures. The analytical models of Eqs. 1 and 2 provide a guideline for engineering the narrow reflection peak position and width, however, a realistic design must take into account the exact geometric structure and the full complexity of Maxwell's equation. We perform a Genetic Algorithm (GA) optimization to accounts for all the grating geometry degrees of freedom, in order to obtain suitable geometric parameters, thus enabling the brightest and purest primary RGB colors. Fig. 3(a) shows a microscope picture of each of the optimized structure for both TM and TE incident polarized lights. Fig. 3 (b) presents the measured (solid) and simulated (dashed) reflectance spectra. The GA optimization has tailored the grating structures following the intuition previously discussed; the B pixel critically couples to a large bandwidth SPR; the R response exhibits the higher diffraction efficiency; whereas the G spectrum denotes a good compromise between these two characteristics. As a consequence, all the three curves present narrow linewidths (≈ 50 nm) with high reflectivity (> 70%), which enhances both the brightness and color saturation. The full procedure as well as the resulting parameters from the GA optimization are discussed in Supplementary Material Sec. S2.
In order to compare the results with and without the optimization, the xy color coordinates for each pixel before and after the optimization procedure (arrows) are shown in the CIE 1931 Chromaticity Diagram on Fig. 3(c) . After the optimization process, a four-fold improvement is achieved with respect to the color gamut area coverage of the test sample.
The small differences between the xy coordinates of the experimentally measured colors with respect the simulated ones can be attributed to geometric deviations introduced during the fabrication processes. For example, when compared with the simulated spectra, higher reflectance is observed at lower wavelengths in the G and R experimental spectra, whereas lower reflection is observed above the Rayleigh's wavelength. Irregularities on grating surface can result in such situation by scattering the diffracted light back into the fiber probe, and improving the SPR coupling. 42 The larger mismatch between the measured and simulated R color coordinates is attributed to its higher dependence on diffraction efficiency. A sensitivity analysis was performed and reveals that deviations of grating height (h g ) are responsible for the larger changes in color properties, as can be seen in Fig. 4(a) . Nevertheless, the structures show a very good resilience with respect the groove sidewall slope (Fig. S6 ).
The optical response of gratings with patterns made of straight lines is very sensitive to polarization. This feature can be explored for saturation color tuning by changing the polarization of the incident light between TM and TE states, as represented in Fig. 3(d) by the colored arrows. Images of the samples taken under TE light exposure are shown as insets on the TM images of Fig. 3(a) . The only color that is rather insensitive to polarization is the red one, as it weakly relies on the plasmonic resonance.
An example of the colors that can be generated by varying only the lattice constants of the optimized grating structures are shown on Fig. 4(b) . The color palettes can be gradually tuned from a vivid blue to red colors -passing through green -when the lattice parameter varies from 400 nm to 700 nm. Fig. 4(c) shows the CIE 1931 Chromaticity Diagram including the xy color coordinates calculated from the measured reflectance spectra, as well as the ones obtained from the camera-captured images. The resultant color gamut covers a large region of the sRGB gamut delimited by the gray area.
In conclusion, using standard nanofabrication processes and CMOS compatible materials, we have fabricated reflective color filters based on Al thin film over a nanopatterned Si substrate. The optical response of these devices, characterized both through reflectance spectra and optical microscopy images, show that it is possible to generate bright and vivid structural colors relaying on a suitable control of the first order diffraction modes as well as the surface plasmon dispersion. The usage of a Genetic Algorithm optimization process proves to be efficient to tailor the grating geometry in order to achieve specific colors along the whole visible spectrum, including, but not limited to, the three primary colors: red, green, and blue. The optimized structures result in an four-fold improvement with respect to the color gamut area coverage of non optimized devices. The devices presented here can be employed as color filter pixels for reflective colored displays with low power consumption and high image resolution, in which the viewing angle is not a concern such as handheld devices, as well as for color printing of static images in micrometer scale for security applications, angle dependent colored images for decoration purposes, or color sensor and optical filters.
Methods Fabrication
The reflective color pixels were fabricated by employing standard nanofabrication techniques and CMOS compatible materials, such as Si and Al. Firstly, the positive electron-beam resist ZEP520A (ZEON T M Coorp) was spin-coated for 1 minute onto a cleaned Si (100) wafer at 6000 RPM. The grating patterns were then exposed in the electron-beam resist thin film in a Raith E-Line Plus c system using 70 µC/cm 2 area dose and 30kV acceleration voltage. 
Optical Characterization
The reflectance spectra from the fabricated samples were measured using a Thorlabs T M spectrometer which receives light collected from a multi-mode fiber bundle. The samples were directly illuminated with a xenon-mercury lamp using a fiber probe adjusted for normal light incidence angle. The color filter power spectrum was averaged over 50 measurements with an integration time of 100 ms. The spectra of flat Al surfaces nearby the grating structures were employed for normalization purposes. A polarization control placed between the sample and the fiber probe allowed to excite the color filters on both TM and TE modes.
The final reflectance spectra were obtained after the usage of a 70th-order one-dimensional median filter followed by a 3rd-order low pass filter, which were employed to filter out some jitters and peaks, caused by the mercury lines, from the raw data ( Fig S7) . Micropositioner stages with angular control were used to align the fiber above the samples with near normal direction with respect the grating surface. The sample images were obtained by a Thorlabs c CCD camera using a 5x objective lens.
Numerical Simulations
Numerical simulations were performed with the Finite Elements Method (FEM) -Comsol Multiphysics c 5.3a -using a two-dimensional grating unit cell and periodic (Bloch-Floquet) boundary conditions. The mesh size was extremely refined at the grating region in order to obtain a smooth transition of the fields across the media interfaces, thus ensuring a steady optical response. The Genetic Algorithm optimization process and data post-processing were made using Matlab c software package. 
